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Abstract: We demonstrate a wavelength-tunable, fiber-coupled source 
of polarization-entangled photons with extremely high spectral brightness 
and quality of entanglement. Using a 25 mm PPKTP crystal inside a 
polarization Sagnac interferometer we detect a spectral brightness of 
273000 pairs (s mW nm)" 1 , a factor of 28 better than comparable previous 
sources while state tomography showed the two-photon state to have a 
tangle of T = 0.987. This improvement was achieved by use of a long 
crystal, careful selection of focusing parameters and single-mode fiber 
coupling. We demonstrate that, due to the particular geometry of the setup, 
the signal and idler wavelengths can be tuned over a wide range without 
loss of entanglement. 
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1. Introduction 

Sources for photonic entanglement form an integral part of quantum optics experiments and 
quantum information protocols like quantum key distribution [1,2], quantum teleportation [3,4] 
and quantum computing [5]. To date the most successful method of creating polarization en- 
tangled photon pairs is spontaneous parametric downconversion (SPDC) in nonlinear crystals. 
In the first practical and efficient scheme, orthogonally polarized photon pairs were created in 
a Type-II BBO bulk crystal and emitted along intersecting cones [6]. Since then nonlinear op- 
tics has advanced; Periodic poling of nonlinear crystals considerably relaxes the phasematching 



conditions for SPDC and allows to fully exploit the material's nonlinear properties. These crys- 
tals are best employed in collinear configuration, where a much bigger fraction of the created 
photons can be entangled than in the conelike geometry of [6], thus leading to downconversion 
sources of higher spectral brightness. This increase comes at the cost of a new problem though, 
the need to spatially separate the collinear downconversion modes. 

When the downconverted photons are created at substantially different wavelengths, they can 
be separated by dichroic mirrors, and several demonstrations of this have reported high spectral 
brightness [7-9]. For many applications, however, wavelength-degenerate photons are prefer- 
able. The first attempt to build a source based on periodically poled KTiOPCU (PPKTP) and 
collinear beam propagation used a simple beamsplitter to separate the output modes, at the cost 
of an unwanted 50% loss in the coincidences [10]. A more effective method, originally pro- 
posed in [1 1], is to interferometrically combine the outputs of two downconverters on a polar- 
izing beamsplitter. The authors of [12] implemented this idea, using one bidirectionally pumped 
PPKTP crystal in a folded Mach-Zehnder interferometer. The spectral brightness of this source 
reached 4000 pairs(s mW nm) _1 , but the Mach-Zehnder interferometer was sensitive to vibra- 
tions and even with active phase stabilization the visibility of the setup was limited to 90%. 
To avoid the need to actively stabilize their setup, the authors of [13] combined the downcon- 
version pairs created in a type-I BBO crystal on a symmetric beamsplitter in an intrinsically 
phase-stable Sagnac interferometer. This configuration proved to be stable, but the achieved 
count rates and visibilities did not come close to the configurations realized before. Finally, 
in a recently published work Kim et al. [14] ingeniously combined the advantageous features 
of [12] and [13], bidirectionally pumping a type-II PPKTP crystal in a polarization Sagnac inter- 
ferometer. The authors reported a detected photon-pair yield of 5000 (s mW nm) _1 at a 96.8% 
visibility. In an update [15], these numbers were significantly improved to 9800 (s mW nm) _1 
at 98% visibility. 

During this time, there has also been significant improvement in the development of corre- 
lated photon-pair sources based on four-wave mixing in single-mode fibers [16, 17] and SPDC 
in nonlinear crystal waveguides [18]. The strong spatial confinement of the pump beam in non- 
linear waveguides leads to higher effective material nonlinearities and thus the generation of 
photon pairs of much higher spectral brightness than in bulk periodically poled crystals. Yet, to 
date no high quality polarization entanglement has been demonstrated in these schemes. 

In this paper we demonstrate a fiber-coupled source of polarization-entangled photons, based 
upon the scheme by Kim et al. [14]. We show that the wavelength of the downconversion pho- 
tons can be tuned without loss of visibility over a range of ±26 nm around degeneracy merely 
by changing the temperature of the nonlinear crystal. Wavelength tunability of entangled pho- 
tons has been claimed before [8, 9] but was not demonstrated to the extent achieved here. The 
high purity of the entangled photon state in our setup enables further tests on fundamental 
concepts of physics for example on the violation of local or non-local realism [19, 20], which 
place increasingly stringent lower bounds on the required degree of entanglement. The high 
spectral brightness of the source makes it perfectly suitable for free-space quantum commu- 
nication experiments [21-23]. Given that the range of wavelengths accessible to this source 
covers important atomic transitions in rubidium or caesium, it is also a promising candidate for 
atom-photon coupling experiments, e.g. photonic memories for quantum repeaters [24, 25]. 

The paper is organized as follows: in section [2] we briefly review spontaneous parametric 
downconversion in periodically poled crystals. In section [3] we discuss the influence of the 
crystal length on the performance of a downconversion setup as well as the optimal focusing 
conditions for type-II PPKTP crystals of varying length. In section [4] we describe the source 
of polarization-entangled photons and in section [5] we present our results on obtained spectral 
brightness, quality of entanglement and wavelength tunability. 



2. Downconversion in periodically poled crystals 

Parametric downconversion in a nonlinear crystal can be described by the spontaneous splitting 
of a pump photon (p) into a pair of photons (usually called signal s and idler i) according to 
conservation of photon energy (0 P = (O s + 0),- and momentum. In periodically poled crystals, the 
effective nonlinearity of the medium is periodically inverted by the application of an electric 
field with alternating directions during the crystal fabrication process. In contrast to birefringent 
phasematching in bulk crystals the quasi-phasematching conditions now involve an additional 
term which depends on the crystal-poling period A: 

2n 

k p (X p ,n p (X p ,T)) = k,.(A s ,«,.(A 4 ,r)) +k i (A i ,« 1 -(A„r)) + — — (1) 

where k p , v ,, are the wavevectors of the pump, signal and idler photons, and n p s j the wavelength 
and temperature-dependent refractive indices of the crystal for the respective wave fields. As- 
suming a fixed pump wavelength, Eq.Q]shows that the k vectors of the signal and idler photons 
are temperature dependent, in particular, for a fixed emission angle, wavelength-degenerate 
photons will only be created at one certain temperature T. Quasi-phasematching in periodically 
poled crystals allows for almost arbitrary phasematching angles and wavelengths in compari- 
son to the nontrivial conditions in bulk nonlinear crystals, where only birefringent and angle 
phasematching is possible. In particular, periodically poled crystals can be tailored such that 
k p J i are parallel to one of the crystallographic axes X,Y or Z. For a type-II SPDC process 
this means that the orthogonal signal and idler beams do not experience transversal walkoff, 
an effect which severely limits the maximum useful length of birefringent nonlinear crystals 
to less than 10 mm in typical downconversion setups. In section [3] we compare photon-pair 
yields coupled to single-mode optical fibers and the corresponding single-photon bandwidths 
of downconversion photons created in periodically poled crystals of various lengths. Further- 
more we find the optimal focusing conditions for each crystal resulting in unprecedented photon 
yields. 

3. Optimization of beam focusing and crystal properties 

In downconversion experiments it is well known that focusing the pump beam drastically 
improves count rates and collection efficiencies into single-mode fibers. The quest for the 
optimal focusing parameters has been the subject of theoretical and experimental investiga- 
tions [26-28]. We followed the lines of Ljunggren et al. [28], who numerically calculated op- 
timal focusing conditions for downconversion in PPKTP crystals and made predictions for 
the expected dependence of count rates and photon bandwidths on crystal length. The two 
key parameters for an entangled photon source which can be maximized via optimal focus- 
ing are the detected coincidence rate R c and the coincidence-to-single-photon (coupling) ratio 
T] c = R c / ^/RjR s , with Rj and R s being the single photon count rates. As pointed out in [28] the 
focusing conditions for these parameters are not generally the same, as the number of single 
photons and photon pairs coupled into fibers do not solely depend on the total number of pairs 
created but also on the mode quality factor M 2 of the downconversion and its overlap with the 
fiber modes. 

Here, instead of measuring M 2 factors as done in [28] we directly compared single pho- 
ton and coincidence count rates for four (L = 10,15,20,25 mm) X-cut flux-grown PPKTP 
crystals manufactured by Raicol. The crystals had a grating period of 10 fim and were quasi- 
phasematched for collinear degenerate downconversion at X p = 405 nm and 49.2 ° C. The 
405 nm laser diode used in our setup had limited power, therefore we chose to find the op- 
timal focusing conditions for a maximal coincidence rate R c max . 



We pumped a given crystal of length L with spot waist sizes w p from 15 — 55 \lm, coupling 
the downconversion into a single-mode fiber attached to a fiber beamsplitter and two detectors. 
For each w p we varied mode waist sizes w s .j between (15/im < w s ,i < 55/ira) and monitored 
R S i and R c , The obtained data, exemplary shown for the L = 15 mm crystal in figures [TJa) and 
(b), was numerically fitted with polynomial functions. From these fits, for each w p we obtained 
one optimal w s i opt and, in consequence one optimal set w lv -) pt for each crystal length L. 




Crystal Length L [mm] Crystal Length L [mm] 

Fig. 1. Measured coincidence count rates R c (a) and coupling ratios rj c (b) for a L = 15 mm 
crystal for a series of focusing conditions in a simple test setup (described in the text). From 
these measurements we determined pump (c) and signal (idler) (d) spot waist sizes w p and 
w s j for maximal photon-pair count rate R c max and crystals of length 10, 15, 20 and 25 mm. 
The detected count rates were repeatable to within 5%. The lines drawn for three constant 
values of the dimensionless parameters |„ and §s ; {£, = L/z r , where z r is the Rayleigh 
range) show the supposed independence of % p opt and | s opt of L. While this behavior is 
certainly given for § s ; opt (black dots), it was not observed for % p opt . (black triangles). 

The results in Fig. Q] (c) and (d) show the spot waist sizes for maximal photon-pair yield 
for the pump beam and the signal (idler) modes for different crystal lengths. For crystals from 
10 — 25 mm the optimal focusing conditions for R c max are (20jj.ni < w p op t ^ 26/im) (Fig. [He)) 
and (21/im < w s ,i opt ^ 32/xm) (Fig.[TJd)). Using the dimensionless parameters % p =L/z r P and 
^ s ,i = L/z r s .i, where z r P , s .i are the Rayleigh ranges of the pump and the signal (idler) modes 
in the crystal, this corresponds to (1.8 < B, p op t < 2.6) and £, s j pt ~ 3.2. We found that for the 
signal and idler modes the focusing parameter ^ v ,, pt is independent of L (cf. [28]), but that 
the pump focus parameter % p opt rises with L, which might be due to increasing contribution of 
grating defects in longer crystals. 

For the L = 15 mm crystal we could also deduce the focusing conditions for a maximal cou- 



pling ratio rj c max = max T] c (^ p , ^i). The parameters £, p and £, s j differ significantly from those 
for R c 

max with t,p ~ 0.7 and E, s j ~ 1.5. The reason is presumably that for tighter confinement 
of the pump field within the crystal, a higher total number of pairs is generated, which results 
in a higher R c . Due to the stronger focusing these pairs will however be created in spatial lon- 
gitudinal modes of increasingly higher order (cf. [28]). This leads to a decrease of the overlap 
between the coupling fiber modes and the downconversion mode and hence to a lower coupling 
ratio TJ C . 

Consider the properties of the power spectrum of the emitted two-photon state, obtained by 
using first-order perturbation theory [29]: 

I oc sine 2 (-Ak) (2) 

where Ak is the phase mismatch, k p — ki — k s — 2 ?. The authors of [28] conclude that the flux 
of downconversion photons R c coupled into single-mode optical fibers in collinear configura- 
tions with optimal focusing relates to the crystal length L as 

R c ~ VI. (3) 

The sine 2 function in Eq. |2]drops to a value of 0.5 for ^ Ak = 1 .39. By writing Ak as a function 
of Xi, expanding Ak in a Taylor series around A, = 810 nm and neglecting higher order terms, 
we arrive at an expression for the single-mode bandwidths of the signal and idler photons: 

a , 5.52xl0- 3 

AX S j F wHM = nm (4) 

The spectral brightness B of the produced downconversion light, a value for the comparison 
of different downconversion setups, given by the number of produced photon pairs per second, 
per milliwatt of pump power and per nm bandwidth, therefore scales as B ~ L\f~L. 
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Fig. 2. Measured spectral bandwidths (FWHM) of downconversion photons and photon- 
pair yields for PPKTP crystals of various lengths. The single photon bandwidth (black 
circles) was determined via interference in a single photon Michelson interferometer and 
is shown compared to theoretic values calculated using Eq.|4] (black line). The measured 
coincidence rates (red squares) show the expected square root dependence on L (Eq.[3}. 



The experimental results on the photon-pair yield R c and the bandwidth AA V , of the down- 
converted photons for different crystal lengths are shown in Fig. [2] The maximum photon-pair 
yields R c resulted from the evaluation of the optimal focusing conditions. A least-square fit 
of the corresponding data points to Eq. [3] yielded R C (L) = 16220 x \fh pairs s^'mm 1 ' 2 with 
excellent agreement to the square root dependence on L. The photon bandwidths AX s j were 
determined with a single-photon Michelson interferometer and in Fig. [2] directly compared to 
the single-mode bandwidths predicted by theory (Eq.|4]i. 

4. Entangled Photon Source Setup 




Fig. 3. Scheme of the fiber-coupled entangled photon source. A 405nm Littrow diode laser 
whose polarization and phase are set by a quarter- (QWP) and a half-wave plate (HWP2) 
is focused via a combination of one spherical and two cylindrical lenses (L) into a PPKTP 
crystal inside a polarization Sagnac loop built up by dual-wavelength polarizing beamsplit- 
ter (PBS) a dual-wavelength half- wave plate (HWP1) (anti-reflection coated for 405 and 
810 nm) and two laser mirrors. The downconversion modes are coupled into single-mode 
fibers (SMF). Remaining stray laser light is blocked by two RG715 longpass color glass 
filters (LP). Polarizers (Poll, Pol2) can be inserted to characterize the produced photon 
pairs. 

Once we had found the optimal focusing conditions for the PPKTP crystals and ascertained 
that the use of long crystals indeed yielded more photon pairs and narrower bandwidth, the en- 
tangled photon source was set up. The source is pumped by a Toptica 405 nm grating-stabilized 
laser diode, focused to a circular spot of waist w = 27 \im at the center of the crystal. The po- 
larization state of the laser beam is controlled by a combination of a halfwave- (HWP2) and a 
quarter-wave plate (QWP). The 25 mm PPKTP crystal is mounted in a crystal oven, at the cen- 
ter of a polarization Sagnac interferometer (PSI) which consists of a dual wavelength polarizing 
beamsplitter cube (PBS), a dual wavelength half-wave plate (HWP1) oriented at j and two laser 
mirrors (see Fig. [3}. The vertical component of the laser beam is reflected at the PBS and rotated 
to horizontal orientation by HWP1. It creates pairs of photons with orthogonal polarizations 
|i/ s )j and |V()j, the number subscripts denoting the spatial mode of the photons, which prop- 
agate in clockwise direction. The horizontal component of the beam is transmitted at the PBS 
and likewise creates pairs \H S ) 2 and |V,) 2 propagating in counterclockwise direction. At HWP1, 
\H S ) 2 and \Vi) 2 are rotated by % into \V S } 2 and \Hi) 2 . The counterpropagating pairs in modes 1 
and 2 are then combined at the PBS, where again horizontal photons are transmitted and ver- 
tical photons reflected such that \H S ) i , | V/> x — \H S ) 3 , |V;) 4 and \V S ) 2 , \H t ) 2 -> \V S ) 3 , |H,-) 4 . The 
two-photon state emerging in modes 3 and 4 is thus \H S ) 3 |V,-) 4 + e'^ |V S ) 3 \Hf) 4 . The phase 



is set via appropriate adjustment of HWP2 and QWP [14]. Output mode 3 is identical to the 
pump input mode, therefore the downconversion photons have to be separated from the pump 
by a dichroic mirror (DM). Subsequently, the photons in modes 3 and 4 are coupled into single- 
mode optical fibers whose waists are matched via / = 18.4 mm aspheric lenses to the pump 
waist in the crystal according to the focus parameters given in section[3] Since the single-mode 
fibers are spatial mode filters for the downconversion light, there is no need for additional lossy 
interference filters as in [14]. 

Note that, due to birefringence, orthogonally polarized photons in the crystal travel at dif- 
ferent group velocities, causing the \H) photon to leave the crystal before the \V) photon. This 
longitudinal walkoff renders the photons partly distinguishable and leads to a decrease in the 
degree of entanglement. This effect, which is inherent to all Type-II downconversion schemes, 
is compensated by flipping the two photons in the counterclockwise arm of the PSI by 5 . The 
longitudinal walkoff of pair 2 is inverted with respect to pair 1 and while there is still always a 
non-zero delay between \H) and | V) photons in modes 3 and 4, the arrival time of the photons 
contains no information about the respective photon polarization anymore. The efficiency of 
this compensation scheme depends only on the precision and orientation of HWP1 and is thus 
more effective than in other schemes [6]. 

5. Entangled photon source performance and tunability 

The use of a 25 mm long PPKTP crystal in the perfectly compensated PSI scheme and the 
optimum choice of focus parameters results in unprecedented photon yields, spectral brightness 
and a very high degree of entanglement. Using a PerkinElmer SPCM-AQ4C single photon 
detector array with a quantum efficiency of ~ 40% and a home-built FPGA coincidence counter 
with a coincidence time window of 4.4 ns, we detected 82000 photon pairs/s at 1 mW of pump 
power. 




Fig. 4. (color online) Tomography of the two-photon quantum state. The real (a) and imag- 
inary (b) part of the density matrix was reconstructed from 36 linearly independent coinci- 
dence measurements. The resulting fidelity F to the state was F = 0.9959 ±0.0001 
and the Tangle T = 0.9875 ± 0.0003. Within the resolution of this representation the exper- 
imental graph is in excellent agreement to the theoretic expectation. 

The overall transmission of the optical components in the setup including the single-mode 
fibers, which were not AR-coated, and the 100 : 1 extinction ratio of the PBS, averaged over 
the optical paths for output mode 3 and 4 amounts to 84.6%. Combined with the detector 
efficiency, the maximal achievable coupling ratio rj c ° is therefore 33.8%. The actually observed 
tj c was 28.5%. This shows that in our setup the mode overlap r\ c /r\®, i.e. the probability that 
one photon of a pair is collected given that its partner photon is in its respective collection 
mode, is 84.3%. When set to the optimal focusing conditions for rj c max , the photon pair yield 



of the source decreases by 20% to 65000 pairs/s while the mode overlap increases to 95%, to 
our knowledge the highest value reported so far. 

The photons have a measured FWHM bandwidth of 0.3 nm (see Fig.O, the spectral bright- 
ness of the source is therefore 273000 pairs (s mW nm) -1 . The visibility of the two-photon 
quantum state measured for degenerate photons {X s ,i = 810 nm) in the |±) = A^i\H) ± |V)) 
basis was 99.5%. The produced entangled state was further characterized using full quantum 
state tomography [30]. The fidelity F = ( \ p \ ) of the two-photon density matrix p with 
the maximally entangled state \\jf~) = \{\H) \V) - \V) \H)) was F = 0.9959±0.0001 and the 
tangle, a measure for the degree of entanglement as defined in [31] was T = 0.9875 ±0.0003. 
The measurements for visibility and quantum state tomography were performed at 0.25 mW 
of pump power and averaged over 10 seconds. The statistical standard deviations of these re- 
sults were estimated by performing a 100 run Monte Carlo simulation of the state tomography 
analysis, with Poissonian noise added to the count statistics in each run [30]. Figure |4] shows 
the reconstructed real and imaginary parts of the density matrix p of the produced states. After 
subtraction of accidental coincidences caused by detector darkcounts, fidelity and tangle in- 
crease to F = 0.9978 ±0.0001 and T = 0.9940 ± 0.0001, respectively. The state is thus very 
close to a pure entangled state. Indeed in the H/V basis we measured polarization contrasts of 
up to 9500: 1 (accidentals subtracted), a regime where visibility measurements are limited by 
the extinction ratio of the polarizers, which was found to be 10000 : 1. 
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Fig. 5. Signal (black rectangles) and idler (red circles) wavelengths and 2-photon visibility 
(blue triangles) as a function of crystal temperature. The wavelengths were measured with 
a scanning single photon spectrometer with a resolution of 0.2 nm. Our crystal oven allows 
us to reach a wavelength spacing of more than 50 nm. 

The exact crystal temperature for wavelength degeneracy, 49.2 ° C, was calculated from 
theory via Eq. [T] We experimentally confirmed this temperature with a single-photon spec- 
trometer, measuring A, and A ( for temperatures from 25 ° C to 60 ° C (see Fig. |5j. The most 
striking feature of the setup is that the visibility of the entangled state stays above 99% in a 
large wavelength range (Fig. [5]). It starts to decrease slightly for wavelength shifts of more than 
±18 nm, reaching 97.5% at 810 ± 26 nm at ~ 180 ° C. The most likely cause for this decrease 
is that all optical components in the setup were specified and coated for 810 nm and act as 




partial polarizers at substantially higher or lower wavelengths. The refractive indices needed to 
calculate theoretical values for A, and X s , according to Eq. [T] were obtained via the Sellmeier 
and temperature-dependent Sellmeier equations for KTP from [32] and [33]. The thermal ex- 
pansion coefficient for KTP which affects the crystal poling period A also stems from [33]. 
Note that these equations are of an empirical nature and do not exactly reproduce the actual 
refractive indices for the whole spectral and temperature range. In particular, the temperature- 
dependent extensions for the Sellmeier equations from [33] do not extend to wavelengths lower 
than 532 nm. In order to reproduce the crystal temperature for degenerate downconversion 
and to obtain an accurate wavelength fit over the whole temperature range, we had to adopt 
diiy/dt |405,„„= 28 x 1CT 6 , reported in [34]. 

6. Conclusion 

We have demonstrated a fiber-coupled, wavelength-tunable source of narrowband, polarization- 
entangled photons. By comprehensive optimization of focusing conditions and the use of a 
25 mm long crystal, we achieved a spectral brightness of 273000 (s mW nm) -1 , a factor of 28 
higher than comparable previous setups. The entangled state has a tangle T = 0.987 and the 
coupling ratio is 28.5%. We demonstrated wavelength tuning of entangled photons in a range 
of ±26 nm around degeneracy with virtually no decrease in entanglement. These properties, 
combined with the intrinsic phase stability of the Sagnac-type setup, the compactness, and the 
ease of use, make this setup a perfect tool for quantum communication experiments both in the 
laboratory and in the field. 
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